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The heat pipe is a very efficient heat transfer device.
In its simplest form it is a closed cylinder containing a wick
and a condensing/evaporating fluid. There are no moving parts.
The wick can be any of several materials and configurations;
the essential requirement is that it be capable of moving the
working fluid by capillary pumping action. Many geometric
configurations of the basic pipe are possible.
A thorough presentation on the theory and design of heat
pipes can be found in Marcus [Ref. 1]. This report is parti-
cularly concerned with variable conductance heat pipes and
includes an extensive bibliography on the subject.
In operation, heat from a source is absorbed by the pipe,
evaporating the working fluid. The vapor travels along the
pipe to the condenser section where heat is rejected to a sink
and the vapor is condensed. The condensate is returned to the
evaporator section through the wick by capillary pumping. Due
to the phase changes of the working fluid occurring along its
length, the basic heat pipe operates at essentially isothermal
conditions.
One drawback to this simple system is that, given a con-
stant sink temperature, the heat transfer rate can be increased
only by raising the operating temperature of the heat pipe.
This is not desirable if the goal is to maintain a constant
source temperature.

The gas-loaded variable conductance heat pipe provides a
partial solution to this problem. A non-condensible gas is
introduced along with the working fluid. During operation the
working fluid behaves as described above; however, the non-
condensible gas migrates to the condenser end where it forms
a plug. This effectively reduces the condenser length and,
therefore, the condenser heat transfer area. As the heat trans-
fer rate into the evaporator increases, the temperature and
partial pressure of the working fluid increase, compressing
the plug of non-condensible gas. The effective condenser heat
transfer area is increased, thus modifying and reducing the
system temperature rise. This concept of variable conductance
is shown graphically in Fig. 1, which is a partial plot of data
presented in Appendix A. The addition of the helium gas caused
a decrease in the slope of the curve; the slope is a measure
of the conductance.
The simplest model for examining the behavior of a gas-
loaded heat pipe uses the flat front theory proposed by Bienert
[Ref. 2 J. This model (see Fig. 2) is based on the following
assumptions [Ref. 1 1: steady state operation, a flat inter-
face between vapor and gas regions, no axial conduction, heat
transfer per unit area of condenser proportional to the temper-
ature difference betv/een vapor and sink, uniform pressure
distribution, and ideal behavior of the vapor-gas mixture.
Although this model allows some vapor in the gas section (at
sink temperature conditions) , it is assumed that there is no
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Figure 2. Flat Front Theory Model of a
Gas Loaded Heat Pipe
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this model to be inaccurate, primarily because it neglects
axial conduction and diffusion fRef. ll.
A more realistic explanation is provided by the diffuse
front theory as presented by Marcus [Ref. 1]. The diffuse
front theory does treat effects of axial conduction and
binar]^' mass diffusion between the vapor and gas. Computer
parametric studies by Marcus indicated that axial conduction
had a significant effect on spreading the vapor-gas front.
The influence of mass diffusion appeared to be m.inimal.
Possibly because m.uch of the early work with heat pipes
has been done in connection with the space program, the effects
of gravity have not been considered. Naydan's results [Ref. 3]
indicate that gravitational effects may be significant in the
case of a low length/diameter ratio heat pipe using vapor and




The objective of this research was to continue the investi-
gation of gravitational effects on the operating characteris-
tics of a variable conductance heat pipe. A heat pipe with
a length/diameter ratio of approximately thirty was operated
at various power levels when loaded with different concentra-
tions of gases with molecular weights both greater and less
than that of the working fluid. Operating in both vertical and
horizontal positions, liquid crystal thermographic techniques
were used to detect system isotherms. It was expected that this
data would provide additional insight into the nature and ori-




The heat pipe apparatus and instrumentation were that
used in previous work by Naydan [Ref. 4]. A brief description
will be provided here; further details are available in Ref. 3.
The heat pipe itself was made from a sixty inch length of
two inch outside diameter stainless steel tubing with a wall
thickness of 0.020 inches. The ends have been sealed v;ith
stainless steel end plates configured v;ith necessary connec-
tions for filling and venting. The wick was constructed of
four layers of one hundred twenty mesh stainless steel woven
cloth held in place by a stainless steel coil spring. The
entire apparatus was supported by rigid external frame designed
to minimixe heat loss by conduction while permitting rotation
of the pipe.
The e/aporator section, twelve inches in length, was wrapped
with Nichrome ribbon connected to an external DC power supply.
Adjacent to the evaporator provision was made for an adiabatic
section six inches in length, thus leaving an active condenser
length of forty-two inches. The evaporator and adiabatic sec-
tions were wrapped with insulation to minimize heat loss.
Thermocouples were installed at two inch intervals along
the adiabatic and condenser sections of the pipe. Addition-
ally, thermocouples v/ere installed at ninety degree intervals
around the pipe at axial locations eleven and twenty nine
inches from the condenser end. Thermocouples also were pro-
vided to measure temperatures in the insulation and ambient
1 5

temperatures near the condenser. Stainless steel sheathed
thermocouples were installed in each end plate, projecting
approximately one half inch into the pipe. A Celesco Model
PLC Pressure Transducer was used to measure system pressure.
The pressure transducer installed at the evaporator end was
dam.aged and not available for use in this experimental work.
A known resistance was placed in series with the heater for
determination of heater current. All voltages of the thermo-
couples, pressure transducer and heater were measured using
the Hev/lett-Packard 20 IOC Data Acquisition System.
16

IV. LIQUID CRYSTAL APPLICATION
Reference 4 contains an excellent description of the unique
properties of cholesteric liquid crystals and their usefulness
in certain temperature-sensing applications. Over a known
range of temperature, the liquid crystal will progessively
exhibit all colors of the visible spectrum (red to violet) as
it is heated through the event temperature range. This plien-
oraenon is reversible and reproducible. By selecting the appro-
priate cholesteric esters and formulating in the correct pro-
portions, both the width of the event temperature range and its
placement on the temperature scale can be controlled. When the
liquid crystals are encapsulated in polyvinyl alcohol, a process
developed by NCR Corp. , the useful life is greatly extended and
there is less variation in color due to viewing angle. In the
encapsulated form, crystals formulated for different temperatures
can be mixed without affecting the color response of each indi-
vidual formulation.
Commercially available encapsulated liquid crystals are
designated by a letter-number combination, e.g., R-41. The
letter indicates an event temperature range, in this case approxi-
mately 3 C; the number indicates that the onset of the red
color change takes place at 41 C.
The entire condenser section was spray painted with flat
black enamel to provide a suitable surface for viewing the
transparent liquid crystals. A mixture of equal parts of encap-
sulated cholesteric liquid crystals R-41, R-49, and R-56 was
17

applied to one side of the pipe using a soft camel's hair brush.
Four thin coats were applied, allowing two to three hours dry-
ing time between coats. No difficulty was encountered in apply-
ing the first two coats uniformly, using the crystals in the
aqueous slurry form provided by the manufacturer. For the third
and fourth coats, the crystal slurry mixture was diluted with
an equal volume of distilled water. This successfully countered





The evolutions of evacuating the system, loading with
methanol and non-condensible gases, and venting the system
were accomplished as described by Naydan [Ref. 3], The one
exception was that due to a casualty to the vacuum system,
the pipe was only evacuated to approximately ten microns of
mercury.
Methanol was used as the working fluid for all data runs.
Krypton was used as the heavier gas to provide comparability
with Naydan' s data. Helium was chosen as the lighter gas be-
cause of its availability and overall system compatibility.
The pipe was operated at three different gas load volumes
for each of the two gases. The gas loads were selected some-
what arbitrarily. Initially, with the pipe operating at 100
watts nominal input power, sufficient krypton was added to
increase the pressure in the pipe about 13.5 pounds per square
inch. After the desired data was recorded, the pipe was
vented to remove approximately one third of the krypton by
reducing system pressure about 4.5 pounds per square inch.
The same procedure was followed to produce the third krypton
load. Data for calculation of the amount of krypton in the pipe
for each run was obtained at steady state ambient conditions
as described by Naydan. (See Appendix B for sample calculations.)
After completely evacuating the heat pipe, methanol was
loaded and a set of conventional heat pipe data was recorded.
Helium was then added to raise system pressure by approximately
19

22.6 pounds per square inch. After recording desired data,
venting was adjusted in an attempt to make second and third
helium load volumes comparable to the second and third kryp-

















1 KRYPTON 172 1.63 X 10-2 11.73
2 KRYPTON 172 1.16 X 10-2 8.35
3 KRYPTON 172 6.07 X 10-3 4.35
4 (None) 168 - -
5 HELIUM 162 1.39 X 10-3 20.78
6 HELIUM 161 6.37 X 10-4 9.55
7 HELIUM 161 4.02 X 10-4 5.99
At each gas load the heat pipe was operated in both the
horizontal and vertical (condenser end up) positions. For
each combination of position and gas load except for the second
krypton load, the nominal heater input power was varied in
twenty five watt increments from 25 to 150 watts. It was de-
cided not to record data beyond 125 watts for the second kryp-
ton load since all temperatures v/ere above the range of the
liquid crystals applied to the pipe. Evaluation of the data
from the first krypton load showed the somewhat anomalous
result that system temperatures did not increase appreciably
when input power was increased from 125 watts to 150 watts.
20

Although this phenomenon did not occur with subsequent gas
loads, it was decided to record data up to 150 watts even
when liquid crystal data was no longer obtainable.
Power lost from the evaporator and adiabatic sections
was calculated from temperature drops through the insulation.
Net power absorbed by the heat pipe was assumed to be power
produced in the heater minus power lost through the insulation,
(See Appendix C for sample calculations.)
The angular position of each liquid crystal isotherm was
measured at four inch intervals along the condenser section
using a template made to match the outer diameter of the pipe.
Accuracy was considered to be i5°. All measurements were
made at the onset of the green color change. No attempt was
made to obtain a precise temperature calibration as the rela-
tive location and orientation of isotherms were considered to
be the important consideration in this work. Comparisons to
the installed thermocouples were made, however, during experi-
mental runs. Table II shows the results of the approximate
calibration; also included are calibration data for these
crystals as reported in Ref. 5.
TABLE I I
LIQUID CRYSTAL TEMPERATURE CORRELATION
(Onset of green color change)
LIQUID CRYSTAL THERMOCOUPLE REF. 5
data results
(°C) ("^O
R-41 41.0+1.0 41.0 ±.5
R-49 48.0 ±1.0 47.1 ±.5
R-56 54.5 ±1.5 56.0 ±.5
21

To ensure that approximately steady state conditions had
been reached, data was recorded after the temperature differ-
ence between the evaporator end and ambient showed a change
of less than one degree Fahrenheit in a fifteen minute period.
In no case was data recorded sooner than four and a half hours




Figures 3 and 4 show the temperature variations along the
condenser length at one power setting and gas load for each of
the two non-condensible gases used. Conventional (methanol
only) heat pipe results are shown in Figure 5 for comparison.
The temperatures were measured using the installed thermo-
couples along the top of the pipe in the horizontal position,
and along one side of the pipe in the vertical position. Though
there are variations in temperature level and gradient, these
two plots are quite representative of the type of temperature
variations recorded for other conditions. The results in the
horizontal position for the krypton load of .00607 Ibm agree
quite closely with Naydan's results [Ref. 3] at a krypton load
of .00565 Ibm.
A summary of the data for all experimental conditions is
presented in Appendix A. In several of the higher power situ-
ations, identified by asterisks in Appendix A, the pipe was
apparently operating at or near burnout conditions. In the
extreme case, burnout would mean drying of the wick in the
evaporator section, unlimited temperature rise, and destruc-
tion of the pipe. The specific cause of the high evaporator
temperature conditions encountered in this work was not
determined.
The isotherms obtained from liquid crystal data are shown
in Figures 6 through 17. Although there is some distortion
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concerning the direction of temperature gradients is retained.
Figures 18 through 21 are photographs showing color bands pro-
duced by the liquid crystals. These particular photographs
were taken at gas loads and power levels slightly different
from those for which numerical data is presented. Earlier
photographs were not usable because of difficulties encountered
with photographic lighting techniques. There is no essential
difference, however, in the type of color variation displayed.
The orientation of the isotherms for all of the horizontal
settings shows clearly that the non-condensible gas did not
form a plug at the condenser end of the heat pipe. Although
there was an axial temperature gradient along the pipe, there
was a marked temperature gradient perpendicular to the axis.
While no quantitative judgements can be made regarding the
relative effects of conduction and diffusion across the inter-
face, it seems clear that there was a significant difference
in gas concentration from, the top to the bottom of the pipe.
When the gas was the heavier krypton, the lower temperatures
and higher gas concentrations were along the bottom of the
pipe. With the lighter helium gas present, the lower tempera-
tures and higher gas concentrations were at the top of the pipe.
This leads to a conclusion that the gradient perpendicular to
the pipe was the result of gravitational effects.
The temperatures measured by the thermocouples along the
top of the pipe provided little indication of the concentra-
tion gradients which were present. There was very little
difference in the nature of the temperature variation between
27

the horizontal readings for the two different gases. At
higher power levels, the temperature variations had more
resemblance to those of the conventional heat pipe than to
the gas-loaded variable conductance heat pipe described by
the diffuse front theory.
The results with the apparatus in the vertical position
were quite different for the two gases. The helium-loaded
pipe data showed an axial temperature variation much like
the classic diffuse front theory predicts. In the case of
the krypton- loaded pipe, temperature decreased continually
from adiabatic section to condenser end. In this position
the temperature information provided by thermocouples and
liquid crystals was quite compatible. It should be noted
here that the color bands observed with the pipe in the
vertical position when krypton was the non-condensible gas
were not stationary. They changed continually with a low
amplitude, wave-like motion indicative of a measure of
instability.
This data again suggests the influence of gravitational
forces. The lighter helium gas readily rose to the upper
end of the pipe forming a plug which effectively blocked
diffusion of the methanol vapor. Krypton, the heavier gas,
was subjected to stronger gravitational forces opposing the
momentum im.parted by the upward flow of methanol. The result
appeared to be a gradually increasing gas concentration,




The use of liquid crystals proved an effective technique
for thermographic mapping. One difficulty was encountered
late in the experimental procedure. The color presentation
became much less vivid over the section of the pipe approxi-
mately twelve inches from the adiabatic section. The only
apparent difference was that this section operated at a
generally higher temperature than other portions of the con-
denser. Thus it seems possible that operation at high temp-
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Figure 18. Photograph of Liquid Crystals - Horizontal
Krypton Load





Figure 20. Photograph of Liquid Crystals - Vertical
Krypton Load






The experimental results confirm the existence of a diffuse
vapor-gas interface in an operating gas-loaded variable con-
ductance heat pipe. The temperature gradients are indicative
of a gas concentration gradient across the interface. The
results also show that when the molecular weights of the vapor
and gas are significantly different, the gradient and orienta-
tion of the interface are appreciably affected by gravitational
forces. The diffuse front theory needs to be modified when
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CALCULATION OF NET ABSORBED POWER
The net power absorbed by the heat pipe is assumed to be
approximately equal to the power dissipated in the heater minus
the power lost through the insulation. The calculation of the
power lost makes use of the temperature difference between
thermocouples #94 and #95 positioned at different radial loca-
tions in the insulation.
q (net) = q (htr) - q (lost)
q (htr) = V^ V2 / R
V, = voltage drop across heater, volts
V-j = voltage drop across series resister, volts
R = series resistance (2.0236 ohms)
dT
q (lost) = Cln "^2^^\
27TKL
dT = T94 - T^5
r, = radius to thermocouple 94 (25/16 inches)
r^ = radius to thermocouple 95 (25/16 inches)




^'^'^ hr ft OF^
L = length of insulation (1.1 ft)
BTU
C = conversion constant (3.412 ^^^t-hr ^
49

Sample calculation for first data point listed in Appendix A:
V, = 19.58 volts
V2 = 2.64 volts
dT = 15.4 °F
, 4-> - (19.58) (2.64) (15.4) (2) (3.14) (.02) (1.1)q met; - 2.0236 (3.412) In (35.25)
q (net) = 23.7 watts




CALCULATION OF GAS LOAD
The amount of gas introduced into the pipe was calcu-
lated from data obtained at isothermal, ambient conditions.
(P. - P^ ) V M
t m
^ = Tt
P, = total pressure, psia
t
P = methanol partial pressure, osia (saturation data)
V = pipe volume (155 cu. in.)
M = molecular weight of gas
T = pipe temperature, R
R = gas constant (154 5 ~ —5— )lb-mole R
Sample calculation for first }:rypton load;





(14.08 - 2.35) (165) (83.8)
m = (1545) (536) (12 in/ft)
m = .0163 Ibm krypton
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